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Abstract 
The prairie pothole region ranges from central Iowa to the northwest into Montana and south-central 
Canada, totaling around 700,000 km2. This area contains millions of potholes, or enclosed topographical 
depressions, which often inundate with rainfall. Many are located in areas that have been converted to 
agricultural land through installation of artificial drainage. However, even with drainage, potholes pond or 
remain saturated during and after significant rain events. In this two-year study, surface water depth was 
collected hourly (typically from after planting through harvest) from eight farmed potholes (drained and 
under corn-soybean rotation) on the Des Moines Lobe in central Iowa. Nutrient data were collected daily 
and tested for nitrogen (N) and phosphorus (P) when inundation depth exceeded 10 cm. The data were 
analyzed in two ways. First, seasonal differences were investigated using samples from the first day of 
each inundation event. Surface water concentrations were higher in the early growing season than late 
season for total N (TN), NO3-N, NH3-N, total P (TP), and total suspended solids (TSS). Secondly, average 
event concentration changes were determined. Nitrate reductions occurred in 85% of multiday events, but 
these reductions were offset by increases in P. Total P and dissolved reactive P (DRP) had significant 
increases that averaged 0.51 and 0.46 mg L-1 per event, respectively, with event lengths of 2 to 19 days. 
This study demonstrates that inundated farmed potholes reduce NO3-N but serve as in-field hotspots, 
contributing elevated TP and DRP to drainage waters. When a surface intake directly connects inundated 
farmed potholes to drainage, new strategies, such as field management or engineered technologies, are 
needed to mitigate P export. This study is useful in informing policy regarding field management and 
conservation of farmed potholes. 
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HIGHLIGHTS 
 Nitrogen, total phosphorus, and total suspended solids concentrations were higher in early season inundation. 
 Nitrate concentrations in farmed potholes decreased with multiday ponding. 
 Farmed potholes act as hotspots, contributing P to drainage through surface intakes. 
ABSTRACT. The prairie pothole region ranges from central Iowa to the northwest into Montana and south-central Canada, 
totaling around 700,000 km2. This area contains millions of potholes, or enclosed topographical depressions, which often 
inundate with rainfall. Many are located in areas that have been converted to agricultural land through installation of 
artificial drainage. However, even with drainage, potholes pond or remain saturated during and after significant rain 
events. In this two-year study, surface water depth was collected hourly (typically from after planting through harvest) from 
eight farmed potholes (drained and under corn-soybean rotation) on the Des Moines Lobe in central Iowa. Nutrient data 
were collected daily and tested for nitrogen (N) and phosphorus (P) when inundation depth exceeded 10 cm. The data were 
analyzed in two ways. First, seasonal differences were investigated using samples from the first day of each inundation 
event. Surface water concentrations were higher in the early growing season than late season for total N (TN), NO3-N, NH3-
N, total P (TP), and total suspended solids (TSS). Secondly, average event concentration changes were determined. Nitrate 
reductions occurred in 85% of multiday events, but these reductions were offset by increases in P. Total P and dissolved 
reactive P (DRP) had significant increases that averaged 0.51 and 0.46 mg L-1 per event, respectively, with event lengths of 
2 to 19 days. This study demonstrates that inundated farmed potholes reduce NO3-N but serve as in-field hotspots, contrib-
uting elevated TP and DRP to drainage waters. When a surface intake directly connects inundated farmed potholes to 
drainage, new strategies, such as field management or engineered technologies, are needed to mitigate P export. This study 
is useful in informing policy regarding field management and conservation of farmed potholes. 
Keywords. Farmed wetland, Nitrogen, Nutrients, Phosphorus, Prairie pothole. 
nclosed depressions that retain water for some por-
tion of the year are common landscape features in the 
prairies of northern Iowa and portions of the Upper 
Midwestern U.S. Due to their abundance, these de-
pressional wetlands are termed prairie potholes, and the region 
in which they occur is referred to as the prairie pothole region 
(PPR) (van der Valk, 2005). Prairie potholes are positioned in 
the landscape at a local minimum elevation, with small contrib-
uting areas called micro-watersheds. Prairie potholes collect 
and store water in response to runoff from precipitation events 
and from groundwater flow (Winter and Rosenberry, 1995). 
The Des Moines Lobe in Iowa, the focus of this study, is in the 
southern portion of the PPR and thus was among the first to 
form after the Wisconsin glacial recession 12,000 years ago 
(Christiansen, 1979). Based on soil mapping, the Des Moines 
Lobe had approximately 1.38 million ha (3.4 million acres) of 
land drained to prairie potholes before the implementation of 
artificial drainage, meaning about 44% of the total area of the 
lobe used to drain to prairie potholes (Miller et al., 2009). 
In some instances, prairie potholes have been modified to 
meet the primary landscape objective to maximize agricultural 
production. In the past century, drainage has been widely im-
plemented to lower the water table, improve equipment access, 
aerate the root zone, and increase farmable acreage. In some 
prairie potholes, surface inlets (or risers) are connected to sub-
surface drain lines to increase the drainage rate by creating a 
preferential path to the subsurface tile. In addition to drainage, 
other changes to potholes have occurred, including changing 
the vegetation from prairie to row crops and altering the soil 
structure through plowing and aeration (Streeter and Schilling, 
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2015). These changes create farmed prairie potholes, which dif-
fer from undisturbed or managed prairie potholes and from tra-
ditional wetlands in several ways, including increased sedi-
mentation and altered water chemistry compared to natural 
wetlands (Voldseth et al., 2007). Farmed prairie potholes are 
also referred to as farmed wetlands; however, because of 
their very different functionality, here we specifically refer 
to these features as farmed prairie potholes. Due to the ex-
pansion of drainage for increased agricultural production, 
about 53% of the pothole wetlands across the PPR have been 
drained, including 95% to 99% of the pothole wetlands in 
Iowa (Dahl, 1990). 
Despite abundant research on natural wetlands and some 
on undisturbed prairie potholes (e.g., LaBaugh et al., 2018; 
Haque et al., 2018), information on farmed pothole water 
quality is limited. Recent work by Skopec and Evelsizer 
(2018) reported the average spring surface water nutrient 
concentrations from 16 sites with farmed potholes. Concen-
trations were higher in farmed potholes than in natural prai-
rie wetlands or restored prairie wetlands that are part of the 
Wetland Reserve Program, with significant intra- and inter-
annual variability at the farmed potholes. The groundwater 
beneath farmed potholes had mean concentrations of 16.7 
and 0.4 mg L-1 of nitrate (NO3-N) and dissolved reactive 
phosphate (DRP), respectively, which were similar to sub-
surface tile drainage concentrations in central Iowa (Schil-
ling et al., 2018). Nitrate concentrations were impacted by 
climate fluctuations, with lower concentrations in 2012 dur-
ing dry conditions and higher concentrations in 2013 when 
heavy precipitation saturated the system. 
Sediment transfer is also a concern with drainage. Runoff 
displaces soil and transports it to lower elevations. Erosion 
causes depressions to slowly fill over time. Surface inlets 
create a location for preferential flow to streams that is not 
filtered by buffers or soil (Blann et al., 2009), allowing the 
sediment in runoff to leave the field rather than settle. Sedi-
ment in drainage causes concerns for its effects on sus-
pended solids in streams and because phosphorus is sorbed 
to it (Smith and Livingston, 2013). Surface inlets in the Tip-
ton Creek watershed in Iowa accounted for 13% of flow 
(Tomer et al., 2010), while a study in the Southern Minne-
sota River basin had an average of 5% of its annual flow and 
up to 138 kg ha-1 of solids attributed to surface inlets (Gint-
ing et al., 2000). The combination of excess nitrogen (N) and 
phosphorus (P) from drainage has led to increased algae 
blooms in water bodies downstream of agricultural lands. 
Traditional wetland systems have shown a wide range of 
contaminant concentration reductions, including N, P, and 
suspended solids (Hammer, 1992). Nitrogen removal occurs 
mostly through denitrification by bacteria, although wetland 
vegetation takes up small amounts of N as well (Woltemade, 
2000). Inundation of wetlands is important, as it creates the 
anaerobic conditions needed for denitrification (Dinnes et 
al., 2002). Other requirements for denitrification include dis-
solved organic carbon and an N source. However, even when 
these two requirements are met, denitrification is low in 
farmed potholes due to systematic differences, including low 
water tables and increased aerobic conditions from drainage 
(and thus short periods of inundation) (Schilling et al., 2018). 
In traditional wetlands, P removal occurs in several ways. 
Because P is usually adsorbed to soil particles, much re-
moval comes from sedimentation of particles as the water 
slows or stops within wetlands. Additional removal occurs 
due to adsorption, complexation, and precipitation within 
wetlands (Woltemade, 2000). However, drained potholes 
have also been reported to be a source of P, while undis-
turbed wetlands are more likely to be a sink for P (Badiou et 
al., 2018). The repeated wetting and drying of drained pot-
holes causes organic P to convert to bioavailable P during 
aerobic conditions, while iron reduction releases P during 
anoxic conditions (Aldous et al., 2005; Badiou et al., 2018). 
The released P is then exported in drainage water. 
This study addresses temporal differences in the surface 
water quality of farmed prairie potholes and the potential nu-
trient loads that are associated with artificial drainage of that 
water. The goal of this study was to investigate surface water 
quality in farmed potholes in the Des Moines Lobe. The ob-
jectives were to: (1) compare growing season concentrations 
in the surface water quality of farmed potholes, (2) deter-
mine water quality trends throughout an inundation event, 
and (3) describe the potential nutrient loads due to surface 
drainage in farmed potholes. Findings from this work have 
the potential to inform management of farmed potholes. For 
example, if P and total suspended solids (TSS) levels are el-
evated, the presence of a surface intake provides preferential 
pathways for export to tile drain lines. This information is 
needed for government agencies and agricultural groups to 
understand the impact and make decisions regarding farmed 
prairie pothole management. 
METHODS 
SITE DESCRIPTION 
Potholes were monitored at two field sites for this study. 
One site (41° 58 59 N, 93° 41 17 W) is located southwest 
of Ames, Iowa, along the border of the Walnut and Worrell 
Creek HUC-12 watersheds in Story County. This site con-
tains seven farmed potholes, which were named for their 
unique shapes and proximity to other potholes (Lettuce, 
Bunny, Walnut, Gravy, Turkey, Potatoes, and Yam) (fig. 1), 
and is farmed in a corn-soybean rotation. The secondary site 
(42.015° N, 93.743° W) is west of Ames in the Worrell 
Creek HUC-12 watershed of Boone County. It contains a re-
tired prairie pothole (Mouth) that is part of the Conservation 
Reserve Program (CRP). The two sites are located approxi-
mately 5.6 km (3.5 mi) apart and are both at farms operated 
by the Agricultural Engineering/Agronomy and Central 
Iowa Research Farms of Iowa State University. Seven of the 
potholes (Bunny, Lettuce, Gravy, Walnut, Turkey, Potatoes, 
and Mouth) were sampled in 2016 and 2017. The eighth pot-
hole (Yam) was only sampled in 2017 because it was added 
as an additional monitoring location when significant flood-
ing was observed during a heavy rainfall event in the fall of 
2016. The inclusion of Yam proved important due to its ten-
dency to flood, even in dry years. In 2017, more than two-
thirds of the total samples for the year were collected from 
Yam. 
Pothole areas and volumes were derived using high-reso-
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lution elevation data from LiDAR, which allows better de-
termination of the size and shape of potholes that are often 
less than a meter deep (table 1). The LiDAR-based digital 
elevation raster data were obtained from the Iowa LiDAR 
Project (https://geodata.iowa.gov/dataset/iowa-lidar-pro-
ject-2007-2010) based on data collected from 2007 to 2010. 
Previously, hydric soils, such as the Okoboji soil series, have 
been used to delineate pothole areas (NRCS, 1998). How-
ever, soil mapping inaccuracies led to hydric soils extending 
outside of the elevation boundaries of the potholes, while 
some depressions in this study had inundation but were not 
mapped as hydric soils. Depth to surface area and volume 
relationships were derived in ArcMap 10.2 (ESRI, 2013) and 
are described in detail by Martin et al. (2019). Surface area 
and volume were calculated at 10 cm depth intervals, and a 
combination of second-order equations and linear interpola-
tion was applied to each pothole. 
A majority of the land use was row crops, rotating be-
tween corn and soybeans (table 2). Two potholes had an ac-
cess road through them: one road running through the middle 
of Yam, and another road near the edge of Gravy (fig. 1). 
Additionally, Turkey and Potatoes had Miscanthus plots in 
their micro-watersheds during 2016, although these were re-
moved and returned to row crops in 2017. Because Yam had 
ponded water during planting in 2017, it was planted to grass 
at the end of June. Mouth was on retired land, with most of 
its micro-watershed in row crops and some Miscanthus plots 
in the northern part of the micro-watershed. 
Fertilization depended on the crop, as it is only applied in 
the year corn was planted. Both potassium (K) and P ferti-
lizers were applied variably based on gridded soil tests, with 
up to 260 lb acre-1 of potash and 220 lb acre-1 of monoam-
monium phosphate. These fertilizers were applied in the fall 
after soybean harvest. Nitrogen was applied pre-plant with 
side dressing as needed, totaling 140 lb N acre-1 as urea and 
ammonium nitrate. Fertilization rates were within the usual 
application levels, which was important when considering 
their potential effects on water quality. Because Mouth was 
on retired land, there was no direct fertilization of the pot-
hole, but there was fertilization in the micro-watershed sur-
rounding the pothole. 
FIELD AND LABORATORY METHODS 
Each pothole was monitored for inundation depth hourly 
using a pressure transducer (Solinst Levelogger). Each sen-
 
Figure 1. Pothole locations and names with micro-watershed and pothole delineation. Inset shows the second site with its retired pothole and
corresponding micro-watershed. 
Table 1. Summary of pothole characteristics derived using LiDAR. 
Pothole 
Pothole 
Area 
(ha) 
Micro- 
Watershed 
Area 
(ha) 
Maximum 
Depth 
(m) 
Maximum 
Volume 
(m3) 
Bunny 5.35 41.1 1.0 29,400 
Gravy 3.60 8.7 0.7 5,900 
Lettuce 2.11 12.7 0.8 8,300 
Mouth 0.94 8.4 0.3 1,100 
Potatoes 2.96 13.0 0.5 4,100 
Turkey 6.60 20.8 0.6 15,400 
Walnut 2.60 9.8 0.8 11,800 
Yam 1.20 5.4 0.8 3,800 
Table 2. Summary of pothole vegetation and drainage. Drainage with 
surface inlets also has subsurface drainage.  
Pothole Vegetation (2016-2017) Drainage 
Bunny Soybean/corn (S/C) Two surface inlets 
Gravy S/C Subsurface only 
Lettuce C/S Subsurface only 
Mouth Retired (surrounded by C/S) No drainage (assumed) 
Potatoes S/C Surface inlet 
Turkey S/C Three surface inlets 
Walnut S/C Surface inlet 
Yam S/C and grass Surface inlet 
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sor was corrected against a centrally located pressure trans-
ducer to account for barometric pressure, with an additional 
correction made to adjust for the known sensor depth under-
ground. Monitoring started when the first crop was planted 
during early to mid-May and lasted until harvest during the 
middle to end of October. Pre-planting inundation depth ob-
servations were not collected due to the logistics of field in-
strumentation. 
Daily samples of 1 L were collected when pothole inun-
dation exceeded 10 cm (4 in.). Excessive resuspension of 
sediment occurred when inundation was less than 10 cm; be-
cause of this, two early samples were disregarded. The first 
sample was collected within 24 h of the start of the inunda-
tion event. The sampling regime did not allow assessment of 
first-flush water quality dynamics, which have been reported 
to occur within the first hours of inundation (Jones et al., 
2015). Sample collection typically occurred after crop plant-
ing, but in three cases when inundation occurred prior to 
planting and the field sites were accessible, samples were 
collected before planting. For the three samples collected 
prior to planting, water elevation was collected using GPS. 
However, because inundation only occurred for a single day, 
the samples were only used in the seasonal (first day only) 
sample analysis described below. All samples were stored 
and transported on ice to the water quality research labora-
tory at Iowa State University. The samples were split, with 
one portion receiving sulfuric acid to reduce the pH to <2 for 
preservation, before being stored at 4°C until analysis. 
The samples were analyzed for six nutrients: dissolved 
reactive phosphorus as P (DRP), total phosphorus as P (TP), 
total suspended solids (TSS), ammonia as N (NH3-N), nitrate 
plus nitrite as N (NO3-N), and total nitrogen as N (TN). The 
unadjusted sample was used for DRP and TSS analysis, 
while the acidified portion was used for TP, NH3-N, NO3-N, 
and TN analysis. DRP was tested by filtering 20 mL through 
a 0.45 m filter and then using Method EPA-118-A Rev 5 
on a Seal Analytical AQ2 discrete analyzer. TSS was tested 
using Standard Method 2540-D (Rice and Bridgewater, 
2012). TP was tested using Method EPA-119-A Rev 6 on the 
AQ2 discrete analyzer. NH3-N was tested using Method 
EPA-103-A Rev 10. NO3-N analysis varied depending on 
the concentration: Method EPA-114-A Rev 7 was used first 
with the AQ2 discrete analyzer, and then Method EPA-126-
A Rev 7 was used for samples with less than 0.25 mg N L-1. 
Similarly, TN analysis used two methods: Hach Method 
10071 (Hach, 2014a) was used first, and then Hach Method 
10072 (Hach, 2014b) was used for concentrations exceeding 
25.0 mg N L-1. 
DRAINAGE ESTIMATES 
Assessing the water balance of a farmed pothole is com-
plex because of the omnidirectional flow into the pothole as 
well as the presence of subsurface drainage with or without 
surface intakes. Surface drainage estimates were used to cal-
culate the nutrient load export from the potholes. Surface 
drainage for Bunny and Walnut was estimated as part of a 
water balance that included direct rainfall, runoff and inter-
flow, evapotranspiration, infiltration, and surface drainage, 
and details are available in our companion article (Martin et 
al., 2019). Briefly, daily water fluxes were determined and 
adjusted for evapotranspiration and direct rainfall. Days with 
runoff and interflow were excluded, leaving daily water 
fluxes that only included infiltration and surface drainage. 
Hydraulic conductivity (for infiltration) and a drainage effi-
ciency coefficient were adjusted at each pothole until the es-
timated drainage and infiltration best matched the measured 
values. 
One challenge in estimating the water balance was the 
condition of the inlet risers. Bunny had two surface inlets 
with risers (fig. 1). The north riser was knocked over, likely 
by agricultural machinery, leaving a 10 cm diameter hole for 
surface drainage that was 3 cm above the bottom of the pot-
hole. The inlet was assumed to behave as weir flow (eq. 1) 
until ponded water was 4 cm above the inlet and as a hori-
zontal orifice at deeper levels (eq. 2), which follows work by 
Roth and Capel (2012): 
 1 5.d w tQ C dh   (1) 
 2d o tQ C a gh  (2) 
where 
Qd = drainage flow into surface drain (m3 h-1) 
Cw = weir coefficient (1.71 m0.5 s-1) 
d = diameter of surface drain (m) 
ht = water depth above drain (m) 
Co = orifice coefficient (0.60) 
a = area of surface drain opening (m2) 
g = gravitational acceleration (9.81 m s-2). 
The inlet was determined to have a drainage efficiency of 
0.77, and the reduction in efficiency was assumed to be 
caused by sediment blockage. The south riser was also dam-
aged and did not have an opening until 32 cm above the bot-
tom of the pothole. Orifice flow was assumed for the 75 cm2 
opening. Walnut had improvements to the tile drainage in 
fall 2015, resulting in increased subsurface drainage and a 
20 cm diameter riser on the surface inlet. A drainage curve 
was determined using manufacturer specifications (table 3). 
Because the manufacturer specification assumed 50% block-
age, a drainage efficiency of 1.16 was used to better fit the 
actual drainage rate. The inlet was 5 cm above the bottom of 
the pothole. 
DATA ANALYSIS 
Seasonal trends were determined using the first sample of 
each event. An event was defined as the inundation period 
Table 3. Maximum surface drainage rates (m3 h-1) for Bunny and 
Walnut based on depth. 
Inundation 
Depth (m) Bunny Walnut 
<0.03 0 0 
0.03 to 0.05 1933  (ht  0.03)1.5 0 
0.05 to 0.07 1933  (ht  0.03)1.5 -0.705  (ht  0.05)3 
+ 15.46  (ht  0.05)2 
+ 24.33  (ht  0.05) 
0.07 to 0.32 13.16  [19.62  (ht  0.03)]0.5 -0.705  (ht  0.05)3 
+ 15.46  (ht  0.05)2 
+ 24.33  (ht  0.05) 
>0.32 13.16  [19.62  (ht  0.03)]0.5 
+ 16.2  [19.62  (ht  0.32)]0.5 
-0.705  (ht  0.05)3 
+ 15.46  (ht  0.05)2 
+ 24.33  (ht  0.05) 
62(6): 1607-1617  1611 
that occurred in response to a precipitation event. Samples 
collected on subsequent days were not used for this analysis 
because they were time-dependent and did not fit the condi-
tions of independences required for the statistical assess-
ment. Non-normally distributed samples were natural loga-
rithm transformed. Samples were split between early season 
(May and June) and late season (July through October) in 
relation to plant growth. The middle of the growing season 
(July and August) was not included because of insufficient 
sample numbers. 
Event trends were evaluated for the change in mean daily 
concentration. Samples were grouped by land cover (soy-
bean, corn, or retired), inundation day, or season (early or 
late). For all groups, the average daily change was tempo-
rally independent of events because the daily change was av-
eraged over multiple events in each group. For inundation 
day, the day-to-day changes were grouped from 1 to 5 (for 
the number of days after the initial sample) and averaged 
over multiple events. Similar analysis was conducted to as-
sess change over an entire event. The groups were tested in-
dividually for having a mean change greater than zero using 
one-sided t-tests ( = 0.05). Groups that did not have a sig-
nificant mean change greater than zero were also tested for 
having a mean change less than zero. 
Event pollutant load estimations were made by multiply-
ing the surface drainage estimates and the daily water quality 
concentrations. Some drainage occurred on days at the start 
or end of inundation events in which the 10 cm depth crite-
rion was not met, and thus a sample was not collected. In 
these cases, the concentration from the nearest day was used, 
with no sample extended more than one day. Similarly, dur-
ing some smaller events, inundation and drainage occurred 
but samples were not collected, and thus loads were not cal-
culated. 
RESULTS AND DISCUSSION 
SAMPLE SUMMARY 
A total of 144 samples were collected from eight pot-
holes. Thirty of those samples were collected on the first day 
of inundation. A sample was also considered to be the first 
day if >90% of the ponded water was attributable to addi-
tional rainfall that occurred between the daily samples. For 
example, one period of inundation lasted for 37 days; how-
ever, within that period, two additional rainfall events oc-
curred that met the criterion that 90% of the ponded water 
was attributable to the additional rainfall. Therefore, within 
the 37-day period, three first-day samples were collected, 
and the greatest period of inundation was 18 days. 
The pothole water quality data were similar to previously 
reported values for farmed potholes (table 4). Skopec and 
Evelsizer (2018) reported spring nutrient levels (NO3-N, 
NH3-N, TP, and DRP) for 16 sites in the Des Moines Lobe 
based on one sample per farmed pothole during pre-planting, 
planting, and post-planting periods (from April to June). 
They did not specify the sample timing within an event, as 
the purpose of their study was a population analysis of con-
centrations during the spring. This implies that the best com-
parison is to the range, mean, and median of early-season 
concentrations (May and June) of the farmed potholes in our 
study. However, Skopec and Evelsizer (2018) presented the 
only other published dataset of surface water concentrations 
in farmed potholes. Minimum concentrations were similar in 
both studies and were at or near the reporting limit for the 
respective tests. However, the maximum concentrations 
were about one order of magnitude less in our study than the 
values reported by Skopec and Evelsizer (e.g., 39.7 mg L-1 
compared to 610 mg L-1 for NO3-N). Mean and median con-
centrations were similar in our study, while mean and me-
dian concentrations for NO3-N and NH3-N were skewed by 
an order of magnitude in Skopec and Evelsizer (2018). 
The comparable means and medians and the lack of high 
maximums in our study were likely due to similar practices 
across the farmed potholes, with each having a corn-soybean 
rotation with 140 lb N acre-1 applied as urea and ammonium 
nitrate prior to corn planting. While Skopec and Evelsizer 
(2018) did not specify crop types or fertilization rates, it is 
likely that their 16 sites varied in management and included 
at least one site in continuous corn, as about 33% of the 
cropland in Iowa consists of continuous corn (Tomer et al., 
2017). Continuous corn has higher N fertilization rates 
(Sawyer, 2018), which lead to higher N levels in ponded wa-
ter. Schilling et al. (2018) reported groundwater nutrient 
concentrations at eight sites in the Des Moines Lobe. In their 
Table 4. Mean, median, and range of concentrations for all surface 
water samples compared to the values for drained, Wetland Reserve 
Program (WRP), and reference wetlands reported by Skopec and 
Evelsizer (2018). “Farmed” includes soybean and corn crops. 
 
Nutrient Concentration (mg L-1) 
TN NO3-N NH3-N TP DRP TSS 
This study       
 Farmed, early season (n = 31)     
 Mean 19.37 14.85 0.53 0.73 0.37 240.5 
Median 19.58 15.12 0.11 0.48 0.31 74.0 
Max. 40.71 39.73 5.91 2.74 1.12 3400.0
Min. 7.82 0.88 <0.02 0.13 0.06 2.3 
 Farmed, late season (n = 73)     
 Mean 2.49 0.26 0.07 0.76 0.62 81.4 
Median 2.10 <0.03 <0.02 0.60 0.43 24.0 
Max. 9.52 5.38 0.88 1.75 1.66 1392.0
Min. 0.22 <0.03 <0.02 0.11 <0.02 1.0 
 Retired, early season (n = 12)     
 Mean 2.30 0.10 0.14 0.88 0.71 55.4 
Median 2.33 <0.03 0.09 0.80 0.67 24.1 
Max. 4.21 1.79 0.50 1.95 1.33 850.0 
Min. 0.96 <0.03 <0.02 0.45 0.31 7.0 
 Retired, late season (n = 28)     
 Mean 2.95 0.73 0.05 0.17 0.05 16.9 
Median 2.88 0.39 0.04 0.15 0.03 16.5 
Max. 4.42 2.51 0.10 0.40 0.18 49.2 
Min. 1.91 <0.03 0.03 0.07 0.02 4.0 
Skopec and Evelsizer (2018)     
 Drained (n = 144)      
 Mean - 11.6 3.18 1.95 1.09 - 
Median - 1 0.1 1.2 0.62 - 
Max. - 610 290 31 27 - 
Min. - <0.1 <0.05 0.11 <0.02 - 
 WRP (n = 69)       
 Mean - 0.72 0.09 0.39 0.17 - 
Median - 0.05 0.05 0.23 0.05 - 
 Reference (n = 12)      
 Mean - 0.05 0.06 0.2 0.09 - 
Median - 0.05 0.05 0.14 0.04 - 
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study, NO3-N and DRP had means of 16.76 and 0.36 mg  
L-1, respectively, which were similar to the surface water 
means in our study. Overall, the surface water concentrations 
in our study were within the ranges in the population analysis 
reported by Skopec and Evelsizer (2018) and were similar to 
the farmed pothole groundwater averages reported by Schil-
ling et al. (2018). 
EARLY AND LATE GROWING SEASON DIFFERENCES 
Nutrient concentrations were compared between the early 
and late growing season for the first-day samples from the 
farmed potholes (table 5). TN (p < 0.0001), NO3-N (p < 
0.0001), NH3-N (p = 0.005), TP (p = 0.036), and TSS (p = 
0.028) were all significantly lower in the late season than in 
the early season, while DRP was not. Total N, which ranged 
from 7.82 to 40.71 mg L-1 in the early season, was lower in 
the late season, with a range of 1.50 to 8.28 mg L-1 (fig. 2). 
Similarly, NO3-N ranged from 4.46 to 39.73 mg L-1 in the 
early season and from <0.03 to 5.38 mg L-1 in the late season. 
NH3-N concentrations were >0.10 mg L-1 for 55% of the 
early season, while 92% of late-season samples were 
<0.10 mg L-1. Early-season TP concentrations ranged from 
0.30 to 2.74 m L-1, while late-season TP concentrations 
ranged from 0.11 to 1.35 mg L-1. Concentrations of TSS 
were >100 mg L-1 for 82% of the early season, while 85% of 
late-season samples were <100 mg L-1. DRP had similar 
ranges for both seasons. 
The retired pothole samples tended to have lower concen-
trations in the early season compared to the late season, but 
there were insufficient samples for statistical analysis. Early-
season mean concentrations for all nutrients were lower 
when the pothole had CRP cover compared to crop cover, 
while late-season concentrations were similar. The retired 
pothole also had little temporal change in TSS concentra-
tions between seasons with no samples greater than 60 mg 
L-1, except for one sample that had a TSS concentration of 
850 mg L-1 due to large pieces of suspended, woody biomass 
rather than sediment. While the data were insufficient for 
statistical tests comparing the farmed and retired potholes, 
grassland reduces suspended sediments when used as a filter 
strip and would likely have similar benefits in potholes 
(Gharabaghi et al., 2006; Pan et al., 2010). 
Nitrogen-based nutrients were higher in the early season, 
likely due to fertilization occurring shortly before planting 
corn crops and organic matter decay from the previous 
year’s crop (Chen et al., 2014). Because nitrate is mobile, it 
was flushed with interflow during precipitation events and 
transported to the farmed potholes (Zhu et al., 2009). While 
P is less soluble than nitrate and binds to soil particles (Kow-
alenko, 2005), TP was still significantly different between 
seasons. Higher early-season TP concentrations were poten-
tially related to TSS, as TSS had elevated concentrations in 
the early season when the soil was bare and the erosion po-
tential was higher. Warmer temperatures in the late season 
might have led to additional P release from saturated soil 
(Holdren and Armstrong, 1980; Koerselman et al., 1993). 
The DRP:TP ratio was 0.63 for first-day samples in the late 
season and only 0.44 in the early season. 
EVENT TRENDS 
Table 6 presents the mean daily concentration changes for 
land cover, day of inundation, and season for multiple 
events. For the land cover and season groups, the average 
daily change was temporally independent of events. For ex-
ample, if 15 daily changes were recorded that were related 
to four separate events, table 6 reports the average of the 
15 daily changes. The mean daily concentration change was 
significantly positive (increase) for DRP (p < 0.0001) and 
TP (p < 0.0001) regardless of land cover, day of inundation, 
and season. Only NO3-N (p = 0.0499) had a significant neg-
ative mean daily change (decrease) when all daily changes 
were considered, although a significant decrease in NO3-N 
was only observed in the late growing season. TN, NH3-N, 
and TSS did not have significant increases or decreases in 
mean daily concentration change. DRP had significant in-
creases with time for most groups, including all three land 
covers (soybean, corn, and retired), the first four days of in-
undation, and both growing seasons (early and late). TP fol-
lowed a similar pattern, largely due to the influence of in-
creasing DRP concentrations, as it had significant increases 
Table 5. Nutrient mean concentrations (mg L-1) of first-day samples for 
the early and late growing season with different types of land cover. 
“Farmed” includes soybean and corn crops. For the farmed potholes,
different letters indicate significantly different concentrations between
early season and late season. Not enough samples were collected from
the retired pothole for a similar statistical comparison. 
Nutrient 
Farmed 
 
Retired 
Early 
Season 
(n = 11) 
Late 
Season 
(n = 13) 
Early 
Season 
(n = 2) 
Late 
Season 
(n = 4) 
TN 21.10 a 3.34 b  3.07 2.34 
NO3-N 15.32 a 0.68 b  0.12 0.58 
NH3-N 0.36 a 0.05 b  0.04 0.07 
TP 1.05 a 0.62 b  0.28 0.60 
DRP 0.40 a 0.43 a  0.10 0.42 
TSS 546 a 134 b  35 238 
 
 
Figure 2. Boxplots of nutrient concentrations of the first sample for
each event by land cover (R = retired, S = soybean, and C = corn) and
season (E = early and L = late). 
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for all three land covers, the second through fifth day of in-
undation, and the late season. TSS was expected to decrease 
significantly, but the results were inconclusive because the 
concentrations were highly variable (mean daily change of  
-2 mg L-1 with a standard deviation of 188 mg L-1). 
Overall, the mean event change in concentration was sim-
ilar to the daily changes, with a significant concentration in-
crease for DRP and TP and a decrease for NO3-N (table 7). 
There were significant increases in DRP and TP for most 
event groups. DRP and TP both had 90% of the 20 multiday 
events end with higher concentrations than on the first day. 
NO3-N had a significant decrease only for late-season events 
(p = 0.006) despite 85% of all events having lower concen-
trations by the last day, only one event having an increase in 
concentration, and two events remaining below the detection 
limit throughout the event. NO3-N reduction in the potholes 
was likely due to denitrification. Denitrification was not 
measured but was assumed to be the primary NO3-N re-
moval mechanism, given the well documented process in the 
wetlands literature (Bartlett et al., 1979; Gale et al., 1993; 
Phipps and Crumpton, 1994). While not significant, tables 6 
and 7 show positive changes in mean daily and mean event 
NH3-N concentrations. This could indicate that dissimilatory 
reduction of nitrate to ammonia or ammonium (DNRA) is 
another potential mechanism of NO3-N removal. 
In three of the four early-season events in corn, reductions 
of more than 7.40 mg NO3-N L-1 were observed over varying 
event lengths. However, we observed an increase of 9.74 mg 
L-1 during a four-day event. This event occurred after the 
first significant rainfall following fertilizer application. This 
trend was also observed in other events that occurred soon 
after fertilizer application, but those events lasted longer 
than ten days and had reductions by the end. Nitrate in-
creases are likely caused by additional nitrate entering via 
interflow (Zhu et al., 2009), as additional interflow can enter 
a pothole for up to six days after a rainfall event (Martin et 
al., 2019). It is expected that the NO3-N concentration would 
have been lower by the end of this event had nitrate from the 
recent fertilization not entered with interflow. While NO3-N 
concentrations decreased more on average for early-season 
events (4.20 mg L-1 reduction) than for late-season events 
(0.44 mg L-1 reduction), the early-season concentrations 
were not found to decrease significantly because of a larger 
standard deviation (9.06 mg L-1) than the late season 
(0.58 mg L-1). 
Unlike nitrate, P concentrations increased during events, 
largely due to increases in DRP. The mean DRP concentra-
tion for all events was 0.40 mg L-1 on the first day, and mul-
tiday events had an average event increase of 0.46 mg L-1 
(115%). The mean TP concentration increase was 0.51 mg 
L-1, meaning that about 90% of the increase was attributable 
to the DRP increase. Due to large DRP increases, the average 
DRP:TP ratio increased from 0.52 to 0.70 between the first 
and last days of events. Concentrations did not increase at a 
consistent rate, as shown in figure 3. 
Temporal changes in DRP varied throughout the events, 
with increases occurring either within a few days of inunda-
tion (Mouth or Bunny after September 23, fig. 3) or later in 
the inundation period (Lettuce after September 28, fig. 3). 
Concentration decreases were also observed during rainfall 
events (Lettuce on September 23, fig. 3), as the previous sur-
face water became diluted with new influxes. The increases 
in DRP and TP concentrations were likely due to the re-
peated wetting and drying during inundation events and sed-
iment resuspension. Multiple studies have shown that dried 
sediments have increased P release when wetted, compared 
to areas that remain inundated, which includes wetting and 
drying in drained wetlands (Kröger et al., 2012; DeLonge et 
al., 2013; Badiou et al., 2018). In wetlands, iron reduction 
during saturated conditions and increased mineralization of 
organic P during dry conditions are both likely causes for P 
release (Aldous et al., 2005; Loeb et al., 2008). Resuspension 
of sediments also leads to increased concentrations of TP 
and DRP. Sediments in farmed potholes can be resuspended 
by wind and release DRP, as reported previously for shallow 
lakes (Kristensen et al., 1992; Sondergaard et al., 1992). Be-
cause farmed potholes are shallower than lakes and often 
have no land cover before crop emergence or due to crop 
Table 6. Mean daily change (mg L-1) in concentration for different groups of land cover, day of inundation, and season. For land cover and season, 
the mean daily change in concentration is the average of the daily change that occurred independent of event timing. Change between sample 
days is the daily change within the inundation period. Asterisks (*) denote significant changes. 
 TN NO3-N NH3-N TP DRP TSS 
Land cover Soybean -0.02 -0.05 0.00 0.16* 0.15* 7 
Corn -0.33 -0.37 0.04 0.07* 0.07* 8 
Retired 0.02 -0.07 0.02 0.08* 0.08* -25 
Change between 
sample days 
Days 1-2 -0.92 -0.12 0.13 0.03 0.09* -112 
Days 2-3 -0.16 -0.14 -0.05 0.15* 0.17* 27 
Days 3-4 0.75 0.14 0.01 0.14* 0.07* 19 
Days 4-5 -0.53 -0.74 0.04 0.09* 0.08* 5 
Days 5-6 0.04 -0.46 -0.01 0.12* 0.05 23 
Season Early -0.78 -0.70 0.06 0.04 0.04* -8 
Late 0.05 -0.08* 0.02 0.11* 0.09* 0 
All 
 
-0.18 -0.24* 0.03 0.09* 0.08* -2 
Table 7. Mean event change (mg L-1) for different groups of land cover and season. Asterisks (*) denote significant changes. 
 TN NO3-N NH3-N TP DRP TSS 
Land cover Soybean -0.08 -0.27 0.00 0.79 0.75 37 
Corn -1.77 -2.02 0.22 0.42* 0.36* 39 
Retired 0.11 -0.50 0.13 0.56* 0.51* -168 
Season Early -4.67 -4.20 0.38 0.21 0.22 -48 
Late 0.16 -0.44* 0.09 0.61* 0.54* -1 
All -1.05 -1.38 0.16 0.51* 0.46* -13 
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drowning, wind variance is a likely cause of day-to-day sed-
iment variance, and this explains why the reported TSS con-
centrations were variable in this study (standard deviation of 
188 mg L-1). Additionally, TP concentrations had a larger 
range of daily change (-0.37 to 0.98 mg L-1) than DRP (-0.21 
to 0.67 mg L-1). The difference between these ranges is likely 
due to unreactive P bound to sediments. 
POLLUTANT SURFACE LOAD ESTIMATION 
Cumulative and unit-area loads exiting the potholes 
through surface inlets were estimated for each of the six wa-
ter quality parameters at Bunny and Walnut, as those two 
potholes had significant surface inundation and thus drain-
age through surface inlets (table 8). Additional load export 
occurred through infiltration, which was calculated. How-
ever, possible interactions in the soil, such as denitrification 
and settling, would have changed the concentrations before 
pollutants entered the subsurface drainage, and thus only 
loads exported through the surface inlets are reported. By 
calculating the load export through surface intakes, the re-
duction potentially achievable through mitigation efforts can 
be quantified and assessed relative to other water quality 
practices. Loads were only calculated for Bunny in 2016, as 
there was no notable inundation during 2017. Surface drain-
age in Walnut mostly occurred during the fall of 2016, with 
one event in early 2017. Samples were collected for 97% of 
the estimated drainage, with inundation occurring in both 
potholes, but a sample was not collected if the pothole 
drained before sampling could occur. The cumulative loads 
for both potholes were within the same order of magnitude 
(table 8). At Bunny, most of the cumulative load occurred 
during a late-season inundation event that accounted for 
nearly all of the drainage that was sampled. A small event in 
the early season was sampled and had an estimated 0.03% of 
the total surface drainage. This event accounted for 4% of 
the NO3-N load and 6% of the TSS load, although it did not 
significantly affect the other pollutant loads. Similarly, the 
small, early-season event in 2017 at Walnut only had 1% of 
the total drainage but had increased load impact per volume 
drained for TN, NO3-N, NH3-N, and TSS. 
The N-based loads were low compared to a previous as-
sessment of NO3-N loads in runoff by Tomer et al. (2016), 
who reported loads ranging from 0.76 to 0.89 kg ha-1 year-1. 
This is expected, as much of the drainage in this study oc-
curred during the late season, when TN, NO3-N, and NH3-N 
concentrations were significantly lower than in the early sea-
son. This study also only calculated loads from planting until 
harvest, missing preplanting loads that carried spring ferti-
lizer application. Early-season concentrations of NO3-N 
were three orders of magnitude larger than during the late 
season, while TN concentrations were one order of magni-
tude larger. Overall, the NO3-N load was only about 5% of 
the TN load, but NO3-N was the dominant component of 
early-season TN loads, comprising nearly 80% of the load. 
Because both years were unusually dry for much of the early 
season, NO3-N loads are expected to be larger in years of 
average spring rains, resulting in greater TN loads as well. 
For example, if the large drainage event from the late season 
occurred instead during the early season, the surface inlet 
load at Walnut would have been larger for that one event. 
Figure 3. Increase in DRP concentrations during events in the late season of 2016. 
Table 8. Estimated loads at Bunny and Walnut farmed potholes due to surface inlet drainage. Bunny only includes data from 2016 as there was 
no inundation in 2017. 
 TN NO3-N NH3-N TP DRP TSS Water (m3) 
Bunny Load (kg) 29.4 1.21 0.064 8.85 7.35 155 9733 
 Area-weighted load (kg ha-1) 0.91 0.038 0.002 0.27 0.23 5 302 
Walnut Load (kg) 5.66 0.30 0.024 1.44 1.21 261 1920 
 Area-weighted load (kg ha-1) 0.58 0.031 0.002 0.15 0.12 27 196 
2016 (%) 0.94 0.12 0.81 0.99 0.99 0.98 0.99 
2017 (%) 0.06 0.88 0.19 0.01 0.01 0.02 0.01 
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Phosphorus and sediment loads were similar compared to 
other studies, with the largest unit-area loads being 0.27 kg 
ha-1 (TP at Bunny), 0.23 kg ha-1 (DRP at Bunny), and 27 kg 
ha-1 (TSS at Walnut) in 2016. While these values are a little 
lower than the average TP runoff loads of 1.0 to 1.8 kg ha-1 
year-1 reported by Tomer et al. (2016), both years in this 
study had dry conditions in June and July, with reduced run-
off, and this study only captured the period from planting 
until harvest. In 2016, surface loads from three subwater-
sheds near Blackhawk Lake, about 140 km (90 mi) distant 
from this study, were <0.01 to 0.35 kg ha-1 (TP), <0.001 to 
0.054 kg ha-1 (DRP), and <1 to 200 kg ha-1 (TSS) (Brendel, 
2017). The TP and TSS unit-area loads at Bunny and Walnut 
in 2016 were within this range, but DRP unit-area loads were 
higher than at Blackhawk Lake. The increased DRP loads 
from potholes came from P released during extended inun-
dation, which would not occur in other surface runoff loads. 
These surface load calculations are only a fraction of the 
total pollutant load leaving farmed potholes, as subsurface 
drainage would also contribute to the overall load. The infil-
tration estimates in this study only included surface water 
that leaves the potholes through subsurface drainage, while 
subsurface drainage would remove additional groundwater 
both during and between inundation events. While the unit 
load from surface drainage is similar to other surface runoff 
studies, the load from a pothole is in addition to baseline 
conditions; in a natural system, the water would remain in 
the pothole for a longer period. Across the Des Moines Lobe, 
about 44% of the land drains to potholes, and 95% to 99% 
of the potholes in Iowa are drained (Miller et al., 2009; John-
son et al., 2008), which indicates that these distributed water 
quality hotspots have a potentially significant impact on 
downstream water quality. 
CONCLUSIONS 
Surface water quality samples were collected from eight 
potholes, typically after planting through harvest, during a 
two-year study and tested for TN, NO3-N, NH3-N, TP, DRP, 
and TSS. Most of the nutrients had higher concentrations in 
the early growing season compared to the late season, with 
likely causes being fertilizer application and lack of land 
cover. NO3-N reduction was common in the potholes, occur-
ring during 85% of the multiday events, but the water quality 
benefits due to nitrate reduction during inundation coincided 
with TP and DRP increases. Pollutant loads into the surface 
inlets were estimated for two potholes, which had unit-area 
loads similar to runoff loads in the region for 2016 despite 
the shortened timeframe. Overall, the surface water quality 
was directly impacted by the agricultural production occur-
ring in the farmed potholes through decreased land cover, 
fertilizer addition, and connecting water with elevated P lev-
els directly to subsurface drainage through surface intakes. 
Future work is recommended to expand the sampling 
timeframe to include preplanting for a more comprehensive 
assessment of nutrient export from potholes, and to monitor 
the subsurface drainage water quality below the potholes. 
This study informs stakeholders about current water qual-
ity conditions in these farmed potholes and should help 
guide future research and policy regarding potential solu-
tions to reduce nutrient loads. For example, better under-
standing of nutrient export from potholes will inform strate-
gies for meeting nutrient reduction strategies. Regarding 
NO3-N export, these results suggest that inundation provides 
some nitrate removal and thus farmed potholes could per-
haps be managed as water quality treatment zones instead of 
areas of low-quality crop production. Supporting the need 
for this strategy is the finding that inundated farmed potholes 
are in-field hotspots, contributing TP and DRP to drainage 
water. When a surface intake directly connects inundated 
farmed potholes to drainage, there are opportunities to im-
plement new strategies through changes in field manage-
ment or engineered technologies, such as using the standpipe 
as a treatment zone to mitigate P export. In the Des Moines 
Lobe region of Iowa, approximately 44% of the land drains 
to potholes, and 95% to 99% of the potholes in Iowa are 
drained. Thus, farmed potholes serve as both hotspots for P 
export to drainage and an opportunity for targeted mitiga-
tion. Finally, by targeting in-field nutrient export hotspots 
for mitigation, we can invest conservation funds in a more 
effective manner. 
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